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ABSTRACT  
We report the development of a differential absorption lidar instrument (DIAL) designed and built specifically for the 
measurement of anthropogenic greenhouse gases in the atmosphere. The DIAL is integrated into a commercial 
astronomical telescope to provide high-quality receiver optics and enable automated scanning for three-dimensional lidar 
acquisition. The instrument is portable and can be set up within a few hours in the field. 
The laser source is a pulsed optical parametric oscillator (OPO) which outputs light at a wavelength tunable near 1.6 µm. 
This wavelength region, which is also used in telecommunications devices, provides access to absorption lines in both 
carbon dioxide at 1573 nm and methane at 1646 nm. To achieve the critical temperature stability required for a laser-
based field instrument the four-mirror OPO cavity is machined from a single aluminium block. A piezoactuator adjusts 
the cavity length to achieve resonance and this is maintained over temperature changes through the use of a feedback 
loop. The laser output is continuously monitored with pyroelectric detectors and a custom-built wavemeter. 
The OPO is injection seeded by a temperature-stabilized distributed feedback laser diode (DFB-LD) with a wavelength 
locked to the absorption line centre (on-line) using a gas cell containing pure carbon dioxide. A second DFB-LD is tuned 
to a nearby wavelength (off-line) to provide the reference required for differential absorption measurements. A similar 
system has been designed and built to provide the injection seeding wavelengths for methane. The system integrates the 
DFB-LDs, drivers, locking electronics, gas cell and balanced photodetectors. 
The results of test measurements of carbon dioxide are presented and the development of the system is discussed, 
including the adaptation required for the measurement of methane. 
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1. INTRODUCTION  
Lidar is a key remote sensing technique for atmospheric monitoring [1] using pulses of laser light to study the structure 
and composition of the atmosphere. The differential absorption technique [2] is an enhancement which can probe 
specific atmospheric constituents by targeting their optical absorption lines. Differential absorption lidar (DIAL) has 
proven adept at identifying and quantifying trace gases and elements in the atmosphere. The key advantage of DIAL is 
that it enables the spatial distribution of an atmospheric constituent to be mapped out. 
There is an acute need for methods which can monitor greenhouse gas emissions, both to compile and verify inventories 
and to aid in understanding the carbon cycle. The two most important anthropogenic greenhouse gases are carbon 
dioxide (CO2) and methane (CH4) and these have become the key targets for lidar measurement. DIAL has been used to 
quantify CO2 emissions from industrial sources [3] and monitor leaks from carbon sequestration sites [4]. 
DIAL works by using a transmitter which fires a laser pulse into the atmosphere that is at an absorption wavelength (the 
on-line wavelength) of the target gas. The pulse is scattered in all directions from molecules and aerosols in the 
atmosphere. A tiny fraction of the scattered light is collected by a receiver telescope adjacent to, or co-aligned with, the 
transmitter. The laser wavelength is then re-tuned to a non-absorbing wavelength (the off-line wavelength) and another 
measurement made. By using the off-line measurement as a reference the concentration of the target gas can be 
calculated. Because the system is pulsed, the signal contains information about where the absorption occurs. This range-
resolved feature of lidar, combined with the ability to mechanically scan the laser beam direction provides the spatial 
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resolution in lidar measurements. 
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The requirements for a greenhouse gas DIAL are demanding. As only a tiny fraction of the transmitted pulse energy is 
collected by the receiver telescope the laser pulse energy must be high, but still within eye-safety limits [5]. The 
spectrally-narrow absorption lines in CO2 (39 pm full width at half maximum) and CH4 (35 pm) mean that the laser must 
have a spectral width substantially narrower than the absorption lines being targeted. The on-line wavelength must be 
precisely and accurately tuned into the centre of the absorption line, yet must also be capable of rapidly retuning to the 
off-line wavelength on a timescale much faster than changes in the atmosphere. The beam quality must be good enough 
to transmit a low-divergence beam that can travel many kilometres. Finally, the receiver aperture must have a large 
diameter to collect as much of the scattered light as possible and a high-sensitivity detector to record it. 
This combination of demanding requirements means that DIAL systems are often bulky with high power consumption, 
making them challenging to use in the field. The design goals for this instrument are that it must be portable, reliable and 
capable of assembly and operation by two people in the field. There are a number of choices of wavelength region for 
DIAL systems, including CO2 systems at 1.6 µm [3,6] and 2 µm [7]. We choose the 1.6 µm region because a profusion 
of telecommunications devices, particularly high-sensitivity detectors [8], operate in this wavelength region. It also 
provides access to CH4 absorption lines [9]. 
In this article we will describe the instrument we are developing and how it addresses the requirements both for meeting 
the exacting demands for DIAL of greenhouse gases and maintaining the system as a portable practical field instrument 
within these constraints. 
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Figure 1: diagram of a differential absorption lidar for measurement of greenhouse gases. A pulsed diode-pumped 
neodymium-doped yttrium lithium fluoride (Nd:YLF) laser is reduced in diameter by a pair of lenses (L1 and L2) and pumps 
a four-mirror (M1, M2, M3 and M4) optical parametric oscillator (OPO) with a potassium titanyl phosphate (KTP) non-linear 
crystal. The cavity is injection-seeded by a continuous-wave distributed feedback laser diode (DFB-LD). The beam is 
expanded by a pair of lenses (L3 and L4) and fired into the atmosphere. The returning signal is collected by the telescope, 
detected with an avalanche photodiode (APD), and then digitized with a fast analogue-to-digital converter. 
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Figure 2: The laser system mounted on the telescope. A diagram of the system is shown in Figure 1. 
2. INSTRUMENT OVERVIEW 
Figure 1 is a diagram of the instrument showing the two main components: a receiver telescope to which the laser 
transmitter attaches directly, and an injection-seeding system. A photograph of the laser mounted on the telescope is 
shown in Figure 2. 
A neodymium-doped yttrium lithium fluoride (Nd:YLF) laser is pumped by a pulsed laser diode with a wavelength of 
808 nm though an optical fibre (not shown in the diagram). The Nd:YLF laser is Q-switched and outputs pulses at 
1047 nm wavelength, 50 Hz pulse repetition frequency, and 4.6 mJ energy per pulse. The output beam diameter is 
reduced by a pair of lenses (L1 and L2 in Figure 1) to increase the radiant exposure of the beam entering the optical 
parametric oscillator (OPO). 
The OPO is a four-mirror (M1, M2, M3 and M4 in Figure 1) cavity surrounding a potassium titanyl phosphate (KTP) non-
linear crystal. KTP has been used in a number of OPO systems for spectroscopic applications [10, 11]. The OPO 
converts the Nd:YLF wavelength (1047 nm) to a signal wave around 1600 nm and an idler wave around 3000 nm. The 
residual (Nd:YLF) pump makes a single pass through the non-linear crystal and leaves the cavity, along with the idler 
wave, through M2. The cavity is resonant only at the signal wavelength (1600 nm) and this is the only wavelength used 
for lidar measurements. To ensure the OPO is both mechanically stable and temperature stable it is manufactured from a 
single aluminium block, shown in Figure 3. The non-linear crystal is mounted in a rotatable mount to (coarsely) tune the 
signal wavelength. 
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Figure 3: the optical parametric oscillator (OPO) is machined from a single aluminium block to maximise temperature 
stability and mechanical rigidity. 
For fine tuning of the signal wavelength, and to ensure it is in the centre of the absorption line of the target greenhouse 
gas, the OPO cavity is injection-seeded with a continuous-wave distributed feedback laser diode (DFB-LD in Figure 1). 
The DFB-LD is fired into the OPO on the same path as the (Nd:YLF) pump. It is tuned to the absorption line of the 
target gas (CO2 or CH4) by measuring the absorption in a gas cell using a custom-designed balanced photodiode pair. 
Injection seeding the OPO enables operation at a precisely-defined wavelength and narrows the spectral width of the 
output [12]. 
To ensure the cavity is on resonance at the on-line (or off-line) wavelength the cavity length is fine-tuned with a 
piezoelectric actuator attached to M3 (Piezo in Figure 1). A fraction of the output light from the cavity is picked off into a 
photodiode while the cavity length is scanned by ramping the voltage on the piezo from 0 to 100 V. When the cavity 
comes onto resonance the output exhibits a pronounced dip. This intensity dip signal [12] is measured by the photodiode 
and fed back to the piezo using a dither-and-lock technique. This ensures that the cavity is always on resonance at the 
injection seeded wavelength. (The feedback loop is momentarily frozen at the moment the Nd:YLF pump pulse is fired.) 
Two similar interchangeable injection seed sources were developed for use with the instrument for CO2 (Figure 4A) and 
CH4 (Figure 4B). The CO2 system uses a DFB-LD tuned to the absorption line at 1572.992 nm [13]. A multipass Heriott-
type absorption cell with a 36 m path length is used to detect the relatively-weak absorption in a sample of pure CO2. In 
contast, the methane absorption lines around 1645.552 nm [8] are 74 times stronger allowing a short (0.1 m) gas cell to 
be used. The seed sources units for CO2 and CH4 are shown in Figure 4. The output of the seed source is fed to the OPO 
on an optical fibre (Figure 1). 
 
Figure 4: the interchangeable carbon dioxide (A) and methane (B) injection seed sources. 
3. RESULTS AND DISCUSSION 
Figure 5 shows absorption measurements of CO2 and CH4 made with the corresponding seed units. The measurements 
are compared to calculations of the transmittance of the atmosphere over a 1 km path length. These calculations were 
made using data from the HITRAN2012 database [14]. The transmittance spectra of pure CO2 (Figure 5C) and pure CH4 
(Figure 5D) were also measured in their respective gas cells. The widths of the lines measured in the gas cells are 
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broader than the atmospheric calculations due to pressure broadening. Finally, the absorbance of the DFB-LD by CO2 in 
the atmosphere was measured over a 100 m (open) path length. The CO2 signal (Figure 5E) has a varying background 
and this is likely due to variations in the laser intensity during the measurement. The use of the balanced photodiode 
detector should eliminate this problem. There is also a small offset in the line positions between the measurement and the 
calculation which is likely to be a wavelength calibration error. 
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Figure 5: The calculated atmospheric transmittance spectra for CO2 (A) and CH4 (B) over a 1 km path length. The 
transmittance spectrum of pure CO2 was measured in a 36 m long gas cell (C) and pure CH4 in a 0.1 m long gas cell (D). 
The transmittance spectrum of the atmosphere was measured over a 100 m path length (E). 
Figure 6 shows the intensity dip signal recorded by ramping the piezo voltage. This measurement indicates that there are 
always at least two resonances (dips) accessible within the travel range of the piezoelectric actuator. When the piezo 
goes out of range it is automatically reset onto the next resonance. This is shown in Figure 7 where the temperature of 
the OPO was monitored with a temperature sensor, whilst an identical sensor monitored the surrounding air. The change 
in temperature changes the cavity length and shifts the intensity dips. When the resonance dip goes out of range of the 
piezo it jumps to the next resonance. 
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Figure 6: the intensity dip signal was measured by scanning the voltage on the piezoelectric actuator (piezo) whilst the 
cavity output (continuous wave) was recorded on a photodiode. The scan demonstrates that there are always two resonances 
within the range of travel of the piezo (a few µm). 
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Figure 7: The stability of the cavity of the optical parametric oscillator (OPO) was monitored over the course of a day. The 
voltage on the piezoelectric actuator (piezo) is adjusted by a feedback loop to maintain the cavity locked on resonance at the 
wavelength of an injected seeded continuous wave laser (A). At the same time, the temperature of the OPO and the 
surrounding air was monitored (B). As the temperature gradually increases the piezo voltage approaches its limit of 100 V,
and resets to a lower voltage, thus locking onto the next cavity resonance. 
4. CONCLUSION
We have developed a custom-built laser source for differential absorption lidar and integrated it with a commercial 
telescope to enable measurements of atmospheric carbon dioxide. An additional wavelength reference for methane has 
been developed at a similar wavelength. The components of the system have been tested and are currently being 
integrated to create a field-ready instrument. 
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